The Rec8-like cohesin is a cohesion protein essential for orderly chromosome segregation in 3 meiosis. Here, we cloned two Rec8-like homoeologous genes (homoeoalleles) from tetraploid 4 wheat (TtRec8-A1 and TtRec8-B1) and one from hexaploid wheat (TaRec8-D1), and performed 5 expression and functional analyses of the homoeoalleles. Also, we identified other two Rec8 6 homoeoalleles in hexaploid wheat (TaRec8-A1 and TaRec8-B1) and the one in Aegilops tauschii 7 (AetRec8-D1) by comparative analysis. The coding DNA sequences (CDS) of these six Rec8 8 homoeoalleles are all 1,827 bp in length, encoding 608 amino acids. They differed from each 9 other primarily in introns although single nucleotide polymorphisms were detected in CDS. 10
cloned and characterized in diploid plant models, including Arabidopsis (Syn1) (Bai et al., 1999; 31 In the second one, the thin layer of polyacrylamide gel containing meiocytes was incubated with 1 the primary anti-Rec8 antibody that was preabsorbed with the fusion polypeptide pGEX-R26. 2 3
Microscopy 4
Microscopy was conducted using a Zeiss Axioplan 2 Imaging Research Microscope equipped 5 with ApoTome component (Carl Zeiss Light Microscopy, Jena, Germany). Two-dimensional (2-6 D) and three-dimensional (3-D) images were captured and analyzed using Zeiss Axio Vision 4 7 software as described by Cai et al. (2010) . 8 9 Genomic DNA cloning and DNA/protein sequence analysis 10 Three cDNA fragments of the Rec8-like gene cloned in LDN were bulked as a probe to screen 11 LDN BAC library as described by Huo et al. (2006) (Table S2 ). The positive BAC clones were 12 further verified by PCR with the wheat Rec8 gene-specific primers. The verified BAC clones 13
were characterized by fingerprinting with HindIII and CAPS to identify the positive BAC clones 14 that contain different homoeoalleles of the Rec8 gene in LDN. Sub-cloning was performed to 15 delineate the homoeoalleles into smaller genomic fragments for sequencing using the pWEB-16 TNC™ Cosmid Cloning Kit (Epicentre Biotechnologies, Madison, WI, USA). The full-length 17 genomic sequences of the Rec8 homoeoalleles in LDN were obtained using the DNA Walking 18
SpeedUp
TM Premix Kit II (Seegene, Inc., Gaithersburg, MD, USA). 19 
20
The DNA and protein sequences of the Rec8-like gene in LDN were analyzed using BLASTP 21 2.2.26+ in the NCBI non-redundant database (www.ncbi.nlm.nih.gov). PEST motif was 22 predicted using EPESTFIND (www.emboss.bioinformatics.nl/cgi-bin/emboss/epestfind). Other 23 motifs were identified with Motif Scan (http://myhits.isb-sib.ch/cgi-bin/motif_scan). The gene 24 structures of the Rec8 homoeoalleles were analyzed and visualized using Splign 25 (http://www.ncbi.nlm.nih.gov/sutils/splign/splign.cgi) and GSDS 2.0 software (Hu et al., 2015) . 26
Comparative analysis was performed for the cDNA and predicted protein sequences of the Rec8 27 homoeoalleles (TtRec8-A1, TtRec8-B1, and TaRec8-D1) using MultiAlin 28 (http://multalin.toulouse.inra.fr/multalin/) and Clustal Omega 29 (https://www.ebi.ac.uk/Tools/msa/clustalo/), respectively. 30 using ClustalX 2.1. Bootstrap Neighbor-Joining phylogenetic tree was built with 1,000 bootstrap 3 replications and Poisson model using MEGA 6.0, (Tamura et al., 2013 The alignments of the predicted protein for the candidate gene with the Rec8 orthologues from 5 other eukaryotes revealed high levels of amino acid sequence similarity, especially with the 6 monocots Brachypodium distachyon, rice, and maize (67-80%) (Table S1 ). In addition, the 7 predicted protein of the candidate gene contains two conserved domains of Rad21/Rec8 cohesin, 8
i.e. pfam04825 at N-terminus and pfam04824 at C-terminus. Also, the predicted protein has a 9 serine-rich region that is conserved among the Rec8 cohesins in plants. The serine-rich region is 10 essential for the cohesin to interact with other proteins in the meiotic network. Furthermore, there 11 are two potential proteolytic cleavage sites (PEST motifs) characterized as signals for rapid 12 protein degradation in the predicted protein molecule. These results supported the candidate gene 13 as a Rec8-like homologue in tetraploid wheat (T. turgidum), designated TtRec8 ( Figure S1 ). 14 15
Expression profile of TtRec8 in LDN and LDN haploid 16
A significantly higher level of TtRec8 transcripts was detected in the anthers at early meiotic 17 prophase I than in roots and leaves of LDN by real-time PCR with the TtRec8-specific primer 18 pair GM010F/GM010R (Table S2 ). The transcription level of TtRec8 was the highest at 19 interphase through early prophase I, and peaked at pachytene stage. After that, TtRec8 transcripts 20 continuously declined to a relative level of 3.77-4.14% at the end of meiosis I and later stages 21 ( Figure 1A ). The relative transcription levels of TtRec8 in roots and leaves were only about 9.04% 22 and 0.02% of that in the anthers at interphase, respectively. TtRec8 in haploid LDN exhibited an 23 expression pattern similar to LDN, but its expression levels were relatively lower than LDN at 24 the meiotic stages. The TtRec8 transcript level in haploid LDN was about 60.61% of that in LDN 25 at leptotene stage ( Figure 1B) Rec8-like homologue in tetraploid wheat. 28
29
The polyclonal antibody against TtRec8 was produced to probe TtRec8 protein in Western 30 blotting and to localize TtRec8 on meiotic chromosomes. Immunoprecipitation was performed toverify the specificity of the anti-TtRec8 antibody. After anti-Rec8 antibody was incubated with 1 the total protein extract from the anthers undergoing meiosis, a protein with a molecular weight a 2 little over 60 kDa was immunoprecipitated. This molecular weight matched the predicted 3 molecular weight 67.6 kDa of TtRec8. This protein was not present in the supernatant after 4
immunoprecipitation. In addition, no precipitation was observed when anti-TtRec8 antibody was 5 not added to the protein extract (Figure 2, top) . These results validated the specificity of the 6 antibody for TtRec8 protein in tetraploid wheat. 7 8 Western blotting with TtRec8 antibody detected the highest level of TtRec8 protein in the anthers 9 at early prophase I. Moderate amounts of TtRec8 were detected in the anther samples at later 10 meiotic stages, indicating partial retaining of TtRec8 cohesin in the meiocytes. The TtRec8 11 protein level in the anther sample at early prophase I was higher than those at later meiotic stages, 12 but the difference did not seem to be significant (Figure 2, bottom) . This might result from the 13 meiotically unsynchronized meiocytes present in some of the anthers sampled for the Western 14 blotting analysis. The anther samples we collected for each of the meiotic stages occasionally 15 contained some off-type meiocytes, i.e. those at a meiotic stage earlier or later than the targeted 16 stage. The off-type meiocytes could lower the TtRec8 protein level in the anther sample at early 17 prophase I in which TtRec8 has the highest expression. On the other hand, the anther samples at 18 later meiotic stages occasionally contained the meiocytes at early prophase I, leading to an 19 elevated TtRec8 protein level. Thus, the off-type meiocytes narrowed down the overall 20 difference in the TtRec8 protein levels between the anther sample at early prophase I and those at 21 the later meiotic stages. 22
23

Subcellular localization of TtRec8 protein 24
The TtRec8 antibody was employed to localize endogenous TtRec8 protein on the meiotic 25 chromosomes in the meiotically staged male meiocyte nuclei using the in situ 26 immunolocalization technique. TtRec8 protein was clearly detected along the entire 27 chromosomes from early leptonema through pachynema in meiosis I (Figure 3 used to clone cDNA of the homoeoallele TaRec8-D1 located on CS chromosome 1D. We found 7 that the cDNA primer pair GM067F/GM065R spans the start and stop codons of all three 8 homoeoalleles (TtRec8-A1, TtRec8-B1, and TaRec8-D1) according to their genomic DNA and 9
TtRec8-A1 cDNA sequences (Table S2 ). Therefore, GM067F/GM065R was used to amplify 10 cDNAs of the three homoeoalleles from the cDNA pools prepared from the meiotic anthers at 11 BLASTn with the genomic DNA sequence of TaRec8-D1 as query. AetRec8-D1 shares over 99% 17 similarity with TaRec8-D1 in the genomic DNA sequence. Thus, the cDNA sequence of TaRec8-18 D1 was used in the gene structural analysis for AetRec8-D1. 19 
20
Phylogenetic analysis placed the Rec8 homoeoalleles on chromosomes 1A, 1B, and 1D of wheat 21 and the D-genome ancestor Ae. tauschii (AetRec8-D1) into three distinct clusters ( Figure 6B ). 22
Significant differences were observed between the homoeoalleles from different 23 subgenomes/chromosomes, i.e. TtRec8-B1 vs. TtRec8-A1, TaRec8-B1 vs. TaRec8-A1, and 24
TaRec8-D1 vs. TaRec8-A1 ( Figure 6C ). However, we found that the cDNA sequences of TaRec8-25 A1 and TtRec8-A1 were identical even though their genomic DNA sequences differed at single 26 nucleotide positions in several introns. TaRec8-D1 was slightly different from AetRec8-D1 in the 27 DNA sequences. In contrast, TaRec8-B1 was quite different from TtRec8-B1 in the DNA 28 sequences of both introns and exons. Overall, the Rec8 homoeoalleles from different 29 subgenomes have a greater variation in DNA sequences than the homoalleles within a The amino acid sequences of the proteins encoded by TtRec8-B1, TtRec8-A1, and TaRec8-D1  2 were predicted based on their cDNA sequences cloned in this study. All three predicted proteins 3 contain the conserved domains of the Rec8 cohesin (pfam04825 and pfam04824), the serine-rich 4 region conserved in plant cohesins, and the potential PEST motifs present in the cohesion 5 proteins ( Figure S4 ). Alignment of their amino acid sequences identified a total of 23 amino acid 6 positions polymorphic among these three homoeologous Rec8 proteins. Out of these 23 amino 7 acid positions, 17 were polymorphic between TtRec8-B1 and TtRec8-A1/TaRec8-D1 and 6 8 polymorphic between TtRec8-A1 and TtRec8-B1/TaRec8-D1 ( Figure S4 ). These amino acid 9 polymorphisms structurally differentiate these three Rec8 cohesion proteins from each other, and 10 might lead to functional differentiation of the homoeologous proteins as meiotic cohesin in 11 polyploid wheat. 12 13 A phylogenetic tree was constructed from the predicted protein sequences of the wheat Rec8 14 homoeoalleles and their orthologues in other plants, indicating that TtRec8-A1 and TaRec8-D1  15 were more closely related to each other than their relationship with TtRec8-B1. The Rec8 16 cohesin-like proteins from barely and Brachypodium were clustered together with the three 17 wheat Rec8 homoeoalleles, demonstrating a close relationship of the barley and Brachypodium 18
Rec8-like proteins with those in polyploid wheat. The Rec8 cohesion proteins from maize, 19 sorghum, foxtail millet, Japonica-type rice, and wild rice were clustered into another group 20 related to the wheat-barley-Brachypodium cluster. The Syn1 protein from the dicotyledon 21
Arabidopsis was further distinct from the cohesin proteins in the monocotyledons (Figure 7) . 22
23
Differential expression analysis of the Rec8 homoeoalleles in polyploid wheat 24
The real-time PCR with the cDNA primers (GM010F/GM010R) shared by the three wheat Rec8 25 homoeoalleles (TtRec8-A1, TtRec8-B1, and TaRec8-D1) (Figure 8 and Figure S3 ) revealed the 26 highest transcription level in LDN 1D(1B) (TtRec8-A1 + TaRec8-D1), followed by LDN 27 (TtRec8-A1 + TtRec8-B1) and LDN 1D(1A) (TtRec8-B1 + TaRec8-D1). TtRec8-A1 showed the 28 highest transcription level among these three Rec8 homoeoalleles in tetraploid wheat ( Figure 1C) . 29
TtRec8-A1, TtRec8-B1, and TaRec8-D1 expressed differentially in the tetraploid wheat 1
background. 2 3
The CDS of the three wheat Rec8 homoeoalleles have extremely high similarity (97% between 4
TtRec8-A1 and TtRec8-B1, 98% between TtRec8-B1 and TaRec8-D1, and 99% between TtRec8-5 A1 and TaRec8-D1). They differed from each other only at single nucleotide positions. No indel 6 was detected in their CDS ( Figure S3 ). To further characterize the expression of these three Rec8 7 homoeoalleles in polyploid wheat, we examined their relative levels of transcription using the 8 new SNP-based STARP technique (Long et al., 2017) . A group of three allele-specific (AS) 9 primers, including two allele-specific forward primers and one common reverse primer for each 10 of the two SNP loci targeted (GM157F1/GM157F2/GM157R and 11 GM178F1/GM178F2/GM178R), were designed according to the contextual sequences of the 12 SNPs ( Figure 8 ; Figure S3 ; Table S2 ). Each of the SNPs is located within an exon of the 13 homoeoalleles, with no intron in the region spanned by the STARP primer sets. Thus, the same 14 amplicons were expected for each of the primer sets in the genomic DNA and cDNA of the 15 homoeoalleles. Prior to the transcript amplification, the STARP primer sets were tested for 16 primer specificity and amplification efficiency in the genomic DNA of tetraploid wheat LDN, the 17 substitution lines LDN 1D(1A) and LDN 1D(1B), T. urartu (wheat A genome donor), and Ae. 18 tauschii (wheat D genome donor). As shown in Figure 9A (top), GM157F1 is specific for 19
TtRec8-A1, TaRec8-D1, TuRec8-A1, and AetRec8-D1, while GM157F2 is specific for TtRec8-B1. 20
For the primer set GM178F1/F2/R, GM178F1 is specific for TtRec8-A1 and TuRec8-A1, while 21 GM178F2 is specific for TtRec8-B1, TaRec8-D1, and AetRec8-D1 ( Figure 9A, bottom) . These 22 two STARP primer sets amplified a transcript similar to that of TtRec8-A1 in T. urartu (TuRec8-23 A1) and the one similar to that of TaRec8-D1 in Ae. tauschii (AetRec8-D1) ( Figure 9A ). The 24 pairwise amplification tests indicated that the STARP primer sets equally amplified the 25 homoeoallele pairs in the genomic DNAs of LDN, LDN 1D(1A), and LDN 1D(1B) at different 26 PCR cycles ( Figure 9B ). Therefore, these two STARP primer sets were suitable for differentially 27 examining the transcripts of the individual Rec8 homoeoalleles in LDN wheat background. 28
29
The primer set GM157F1/F2/R discriminated TtRec8-B1 from TtRec8-A1 and TaRec8-D1 indiscriminated TtRec8-A1 from TaRec8-D1 in LDN 1D(1B) (Figure 9C, bottom) . Both TtRec8-A1 1 and TaRec8-D1 showed significantly higher expression levels than TtRec8-B1 in the anthers at 2 interphase (I) and pachytene (P) stages ( Figure 9C, top & middle) . The expression levels of 3
TtRec8-A1 and TaRec8-D1 seemed to be comparable at both meiotic stages ( Figure 9C, bottom) . 4
Therefore, TtRec8-A1 should be the primary gene for Rec8 cohesin production in tetraploid 5 wheat. TtRec8-B1 might also contribute to Rec8 cohesin production, but should not be 6 significant. When chromosome 1A of tetraploid wheat LDN was replaced by chromosome 1D of 7 hexaploid wheat CS, TaRec8-D1 expressed at a significantly higher level than TtRec8-B1 (Figure  8 9C, middle). Apparently, TtRec8-B1 intrinsically expressed at a lower level than other Rec8 9 homoeoalleles of wheat. 10
11
In addition, we examined expression of the Rec8 homoeoalleles in the hybrids of LDN, LDN 12 1D(1A), and LDN 1D(1B) with Ae. tauschii. TtRec8-B1 still showed the lowest expression level 13 among the Rec8 homoeoalleles in the hybrids as observed in their tetraploid wheat parents 14 ( Figures 9C & 9D) . The presence of the Ae. tauschii D genome harboring AetRec8-D1 in the 15 hybrids did not seem to increase overall expression of the chromosome 1D-specific Rec8 alleles 16 ( Figure 9D) . Therefore, the Rec8 homoeoalleles on chromosome 1A and 1D were 17 transcriptionally more active than the one on chromosome 1B in tetraploid wheat and its hybrids 18 with Ae. tauschii, and probably in hexaploid wheat as well. 19 
20
To further characterize expression of the wheat Rec8 homoeoalleles, we examined Rec8 cohesin 21 on meiotic chromosomes in the specially constructed genotypes with different homoeoallelic 22 combinations of the wheat Rec8 gene by in situ immunolocalization. Rec8 cohesin appeared to 23 be evenly distributed along the individual chromosomes at early prophase I in the LDN × Ae. 24
TaRec8-D1 + AetRec8-D1), LDN 1D(1B) (TtRec8-A1 + TaRec8-D1), and LDN 1D(1B) × Ae. 27 tauschii hybrid (TtRec8-A1 + TaRec8-D1 + AetRec8-D1) (Figure 10 ). We did not observe 28 significant quantitative variation of unbound Rec8 protein in the cytoplasm/nucleus among the 29 genotypes. Each of these genotypes contained one or more actively-transcribed Rec8transcribed Rec8 homoeoalleles did not noticeably increase the amount of the Rec8 cohesin on 1 the individual chromosomes ( Figures 10C and 10E) . The genotype or mutant that contains only 2 one of the wild homoeoalleles (TtRec8-A1, TtRec8-B1, TaRec8-A1, TaRec8-B1, and TaRec8-D1) 3 is not available in wheat. Thus, we were unable to precisely assess the role of a single 4 homoeoallele in Rec8 cohesin production in wheat. As indicated in the differential transcriptional 5 analysis of the Rec8 homoeoalleles, the contribution of the Rec8 homoeoallele on chromosome 6 1B to Rec8 cohesin production might be minimal, if there is any, in polyploid wheat. The 7 actively-transcribed Rec8 homoeoalleles on chromosomes 1A and 1D may be the primary genes 8 for Rec8 cohesin production in polyploid wheat. The three Rec8 homoeoalleles we cloned in this study (TtRec8-A1, TtRec8-B1, and TaRec8-D1) 3 differ from each other only at single nucleotide positions in CDS. It was a big challenge to 4 perform differential expression analysis of the highly similar homoeoalleles under a polyploid 5 condition. To confront the challenge, we partitioned the Rec8 homoeoalleles in pairs using the 6 cytogenetic stocks LDN 1D(1A) (TtRec8-B1 and TaRec8-D1) and LDN 1D(1B) (TtRec8-A1 and 7
TaRec8-D1), and then differentially examined the relative expression levels of the individual pair 8 of the Rec8 homoeoalleles using the newly developed SNP-based PCR technique STARP (Long 9 et al., 2017). This integrative cytogenetic and genomic approach enabled us to perform pairwise 10 differential expression analysis of the highly similar Rec8 homoeoalleles under a polyploid 11 condition. We found that both TtRec8-A1 and TaRec8-D1 expressed comparably at a significantly 12 higher level than TtRec8-B1 in tetraploid wheat and its hybrids with Ae. tauschii as well. 13
Apparently, the Rec8 homoeoalleles on chromosomes 1A and 1D expressed dominantly over the 14 one on chromosome 1B in tetraploid wheat, and probably in hexaploid wheat as well. Concurrent 15 presence of two or three actively-transcribed homoeoalleles (TtRec8-A1, TaRec8-D1, and 16
AetRec8-D1) in LDN 1D(1B) and the hybrids with Ae. tauschii did not lead to a noticeable 17 additive effect on Rec8 cohesin production according to the in situ immunolocalization results. It 18 seems that either of the two actively-transcribed homoeoalleles (TtRec8-A1 and TaRec8-D1) 19 could independently encode enough Rec8 cohesin essential for normal meiosis in polyploid 20 wheat. These findings provide novel insight into the cross-genome coordination of the Rec8 21 homoeologous genes in polyploid wheat, and will facilitate further studies of the homoeologous 22 genes in wheat and other polyploids. 23
24
The predicted proteins of TtRec8-A1, TtRec8-B1, and TaRec8-D1 differ from each other at 23 25 amino acid positions. These amino acid differences separate TtRec8-B1 from TtRec8-A1/TaRec8-26 D1, and TtRec8-A1 from TtRec8-B1/TaRec8-D1, suggesting the uniqueness of TtRec8-B1 and 27
TtRec8-A1 in polyploid wheat. The protein sequence-based phylogenetic analysis indicates that 28
TtRec8-A1 and TaRec8-D1 are more closely related than their relationship with TtRec8-B1. The 29 protein sequence differences among the Rec8 homoeoalleles might affect their activity as Rec8 Table S1 . Comparative analysis of the predicted TtRec8-A1 protein with the cohesion proteins 20 from other eukaryotic species. 21 Table S2 . DNA primers and their sequences used in this study. 22 Table S3 TtRec8-specific primers (GM008F/GM008R). Two fragments were detected in tetraploid 29 wheat LDN and three in hexaploid wheat CS, indicating the presence of two TtRec8 
